Cracks are commonly observed at the hot spot stress location of tubular joints and it can be due to fatigue, accidental damage or corrosion. As a consequence, the plastic collapse load ) ( c P of the tubular joints is reduced, and hence it is necessary to produce design guidance which can safely be used to estimate the static residual strength of cracked tubular structures in practice.
Abstract
Cracks are commonly observed at the hot spot stress location of tubular joints and it can be due to fatigue, accidental damage or corrosion. As a consequence, the plastic collapse load ) ( c P of the tubular joints is reduced, and hence it is necessary to produce design guidance which can safely be used to estimate the static residual strength of cracked tubular structures in practice.
This paper proposes a new expression for determining the reduction factor ( AR F ) of cracked square hollow section (SHS) K-joints. A completely new and robust finite element mesh generator which is validated using the full scale experimental test results is used for the parametric study to propose the new AR F expressions for cracked SHS K-joints. The crack area and the brace to chord width ratio (β) are shown to have the most profound effect on the c P load of cracked SHS K-joints. For a given value of crack area, 
Scope of the research
The tubular joints such as circular hollow section (CHS) and square hollow section (SHS) joints are subjected to various types of loading throughout their lifespan. Cracks appear at the hot spot stress location of these joints and it can be due to fatigue, damage from impacts and dropped objects, improper design and corrosion damage [1] . Hot spot stress is located at the corner of the weld toe which is at the brace to chord intersection region of SHS joints. The challenging issue faced by the researchers is to accurately model the crack region of any tubular joint. Cheaitani and Burdekin [2] carried out the assessment of the effects of cracks on the plastic collapse load ) ( c P and fracture behaviour of CHS K-joints. They recommended that conservative estimate of 
where Q β is the geometrical modifier which depends on brace to chord width ratio () values, and it is expressed as
, for β > 0.6
For tubular joints containing part-thickness flaws, mq = 0 and for tubular joints containing through-thickness flaws, mq = 1. The existing equation for AR F was developed from parametric study carried out for CHS joints and it may not be applicable for SHS joints. Even for CHS Xjoints, Wang et al. [4] proposed the following equation for determining AR F of cracked CHS Xjoints;
where c A is the crack area, w l is the weld length and 0 t is the chord thickness. Additionally, Qian [5] observed that AR F has a significant effect on the failure assessment curve of CHS X-and Kjoints.
From the above equations, it can be seen that there is a need to optimize the AR F equations for cracked SHS joints. The previous works also pointed to the need of carrying a wider extensive parametric study covering various types of joints as well as a broader set of parameters.
Furthermore, it is mentioned in 'The Guide' [3] that for CHS tubular joints containing part-thickness flaws (surface cracks), the m q value is equal to zero. Therefore, the (
term from equation (1) will become one signifying that the 'β' has no effect in the calculation of AR F for cracked CHS tubular joints. However, the present parametric study shows that the β has an influence on the AR F values for cracked SHS K-joints containing surface cracks. So in order to optimize the equation for SHS joints, the present study carries out extensive parametric study of cracked SHS K-joints to propose new AR F equations for these joints. The new AR F equations for cracked SHS T-joints are already published by the authors [6] .
Full scale experimental tests on SHS K-joints
In order to achieve the research objectives, a completely new and robust finite element (FE) mesh generator is developed in this study. The newly developed automatic FE mesh generator is validated using the full scale experimental test results as well as with the existing commercial software results [6, 7, 8, 9, 10] . This section describes the full scale experimental tests carried out on SHS K-joints. The conventional dimensional notations used in the SHS K-joints are given in Fig. 1 [11, 12] . A specifically designed test rig as shown in Fig. 2 is used to test the cracked SHS K-joints. The ends of the chord are fixed with the yellow rig as shown in Fig. 2 .
The load is applied on the end of the brace through the spread beam which is supported by two hydraulic jackets (Fig. 3) . Each hydraulic jacket can produce 1000 kN load.
Elastic loading is performed prior to the test to inspect the operation of the different gauges, Linear Variable Displacement Transducers (LVDTs) and the output of the actuator. The specimen is loaded to 3% of the projected total capacity, and then unloaded to make sure that the instrumentation readings resumed to zero acceptably. section.
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Parametric study on SHS K-joints
As mentioned in the previous section, a completely new and robust finite element (FE) mesh generator is developed to carry out parametric study of the cracked SHS K-joints [6, 7, 8, 9, 10] .
It can be effectively used to generate FE mesh models such as plate joints with both symmetrical and unsymmetrical cracks, plate-to-plate welded joints such as T-butt joints with single-sided and double-sided welds and cruciform X-joints. Regarding hollow section joints, it can be used to model uncracked and cracked uni-planar SHS T-, Y-and K-joints, and uncracked and cracked elements can be generated within three minutes.
In the mesh generation procedure, the crack tube and crack block of a flat plate are modelled first and subsequently, transition zones are used to connect the parent crack block with the other parts of the flat plate. The detailed cross-sectional view of the mesh design pattern at crack front is illustrated in Fig. 7 . There are obvious advantages in using transition zones in any FE mesh generator. Firstly, it helps to reduce the number of elements in the FE mesh model. This will in turn reduce the analysis time of the FE mesh models. The pivotal regions such as crack front can be modelled with FE meshes of high mesh density and the regions that are further away from pivotal regions can be modelled with FE meshes of low mesh density. Secondly, it helps greatly in source code debugging. Errors in models can be spotted and rectified locally due to usage of different sub-zones. In addition, transition zones enable to connect parent crack block with adjacent mesh blocks. The parent brace parts generated is transformed to a complete cracked SHS K-joint by adding the chord parts on both sides (Fig. 8) . The number of divisions in both chord and brace parts is kept as a variable in the new FE mesh generator so that the user can conveniently decide the extent of mesh-refinement needed. The refined mesh regions aid in convergence of solutions as well as it enables to capture high stress/strain gradients [14] .
Various aspects such as mesh refinement, mesh convergence, aspect ratio check, proper zoning, comparison with the commercial software results and comparison with the full-scale experimental test results are adopted to ensure the quality of the FE mesh used. For example, the J-integral results produced using the new FE mesh generator is validated with the solutions obtained from the mesh generated using FEACrack TM software [15] . are not taken into account. Therefore, the load displacement curves from FE analysis behave as continuously increasing without showing a peak value. For the load displacement curves obtained from experimental testing, a peak value is observed due to the crack fracture and propagation. These two trends are not in conflict. There is good agreement with the experimental and numerical results for load-displacement curves in the plastic-collapse region.
Validation of new FE mesh generator with experimental test results
Hence, the numerical models created using the new FE mesh generator are accurate and slightly conservative in terms of c P load values, and it can be used to carry out extensive parametric study of cracked SHS K-joints. The von Mises stress distributions of cracked SHS K-joint at c P load of 971.80 kN is illustrated in Fig. 11 . Chord face plastification failure mode is observed for the joint which has the brace to chord width ratio (β) equal to 0.50.
Parameters used in the parametric study
Extensive study is carried out to investigate the effect of two parameters, brace to chord width ratio (β) and crack area, on the reduction factor ( AR F ) of cracked SHS K-joints. The c P load formulae for the uncracked SHS K-joints are given by Eurocode 3 [16] [17] suggested that for nullifying the chord length to half chord width ratio (α) effect, a minimum α value of 8 should be used. It was also suggested that the chord length should be at least four times the -10-chord diameter. The current parametric study fulfils both the above suggestions, and hence the effect of α can be ignored. It was further suggested that, chord half width to thickness ratio (γ) does not have a substantial effect on the c P load for β up to 0.8. Therefore, the emphasis of current research is towards the effect of β and the crack area on the reduction factor ( AR F ) for cracked SHS K-joints.
As stated before, the research is carried out on BS4360 structural steel of grade 50D, and the stress-strain curve of the material is shown in Fig. 12 . The Young's modulus and Poisson's ratio of the material used are 210 kN/mm 2 and 0.3 respectively. Axial loads are applied to the one brace end while the other brace end and the chord ends are fixed (Fig. 13) . For all the cases considered in the present study, the chord length is fixed at a value of 3000 mm. The longer value of chord length used guarantees that the effect of chord end boundary conditions on the failure of damaged joints is insignificant [18, 19] .
Results and discussion
The commercial FE software, ABAQUS [20] is used to analyse the automatically generated One common observation from the plots for different crack areas is that the characteristic strength of the SHS K-joints rises with the increasing value of β.
Determination of plastic collapse loads
The methodology used in the current research for estimating the plastic-collapse ) ( c P load of SHS K-joints is the twice-elastic compliance (TEC) criterion. Previous studies have used the TEC criterion extensively to determine the c P load of cracked tubular joints [21, 22, 23] . In the ASME rules for construction of pressure vessels [24] , this criterion is expressed as the twiceelastic slope (TES) criterion. It is based on the load-deformation response of a structure in the plastic analysis as depicted in Fig. 18 . The c P load is determined as the load corresponding to the junction of the load-deformation curve and the twice elastic compliance line. The twice elastic compliance line begin from the origin of the load-deformation curve and has twice the slope of the initial elastic response, which is attained using the equation
where  and θ are the angles measured from the load axis as shown in Fig. 18 . Subsequently, the reduction factor ( AR F ) is calculated using the following equation:
Effect of brace to chord width ratio (β) and crack area
Contrary to reduction factor ( AR F ) of CHS joints comprising part-thickness cracks in 'The Guide' [3] , the current research reveals that β has an effect in AR F for cracked SHS K-joints (Fig. 19) . For a specific crack area, AR F diverges from 1.7% to 3.6% for various values of β.
Comparison of the AR F values for SHS K-joints with values obtained from 'The Guide' [3] reveals that the latter is conservative up to 9% for crack area of 5.8%, and up to 23.5% for crack area of 20%. Regarding the mode of failures for cracked SHS K-joints, punching shear failure mode is observed for low β values (<0.5) and chord face plastification failure mode is observed The parameter which has the most influence on the AR F values is the crack area. It is observed that the c P load of the cracked SHS K-joints decreases with the increasing crack size. As a result, the AR F values calculated using the equation (9) 
New reduction factor equations for cracked SHS K-joints
From the previous sections it is evident that the AR F varies non-linearly with β and the crack area for SHS K-joints. Therefore, non-linear regression techniques are used in curve fitting the numerical data obtained from the parametric study. For the two sets of failure mode of SHS Kjoints, the following equations are proposed; 
where c A is the crack area, w l is the weld length and 0 t is the chord thickness. 
Conclusions
A completely new and robust finite element (FE) mesh generator is developed in the current research to carry out parametric study of the cracked SHS K-joints. Fig. 1 Dimensional notations used by IIW [11] and CIDECT [12] -18- Fig. 2 The experimental test rig for cracked SHS K-joint 
